Introduction {#sec1}
============

After its introduction in 1876, the microscope has greatly improved ocular surgical treatment through magnification of the surgical view.[@bib1] Despite ongoing development, the microscope has remained limited in that it only provides information on an en face level. In contrast, optical coherence tomography (OCT), which was introduced into the field of ophthalmology by Huang et al. in 1991,[@bib2] is able to provide tissue-level high-resolution tomographic information in a noncontact way and has revolutionized our understanding of many eye entities. If a combination of en face and tomographic information could be provided simultaneously to the surgeon, this may have a positive impact on the surgical treatment of ocular diseases. Many researchers have attempted this maneuver; however, early studies involving intraoperative OCT imaging reported that the surgery had to be stopped and in some cases the microscope had to be removed.[@bib3]^--^[@bib10] These findings placed doubt on the potential clinical value of this combined system.

Owing to the recent developments in surgical technique and engineering, microscope-integrated OCT (MI-OCT) systems have been developed.[@bib11] Early trials have indicated that MI-OCT is helpful in both retinal and anterior segment surgeries.[@bib8]^--^[@bib9]^,^[@bib12]^--^[@bib17] However, most systems use a wavelength of 840 nm that is designed for guidance during vitreoretinal surgery and ideal for fundus imaging. Anterior segment OCT, which adopts a light source with a wavelength of 1310 nm, has been used in the clinic for a long time. Here, using a tailor-made MI-OCT system with a wavelength of 1310 nm, we aimed to evaluate the potential value of MI-OCT in anterior segment surgical maneuvers.

Methods {#sec2}
=======

This study was approved by the Institutional Review Board of the Eye and ENT Hospital of Fudan University, Shanghai, China (No. 2019031-1).

Participants and Surgical Maneuver Procedures {#sec2-1}
---------------------------------------------

A group of 24 ophthalmology residents with similar surgical experience were included and were randomly divided into two equal groups (group A and group B). The randomization was conducted using a random number generator and the sort cases function of the SPSS software (SPSS Inc., Chicago, IL).

Residents were asked to perform four basic ophthalmic surgical maneuvers[@bib18]^--^[@bib20] on freshly enucleated porcine eyes: (1) creating a 2-mm length clear corneal tunnel at 50% depth, (2) creating a 2-mm length scleral tunnel at 50% depth, (3) simple corneal suturing (SCS) at 90% depth, and (4) repairing a full-thickness corneal laceration repair (CLR) at 90% depth. The corneal and scleral tunnels were made using a 2.8-mm artificial sapphire knife, and the sutures were performed with 10-0 nylon sutures (Ethicon, Somerville, NJ). All residents watched the same set of PowerPoint slides introducing the four surgical maneuvers and the MI-OCT system ([Fig. 1](#fig1){ref-type="fig"}). To eliminate the influence of the learning curve, surgeons were asked to repeat the surgical maneuvers six times using the same system (without OCT feedback) before the study.

![The MI-OCT system. (A) Laboratory setup: the MI-OCT system and head-up display screen. (B) Image projected on the screen: the image from the microscope and the OCT (lower left corner, only displayed to group B in trial one). The *red line* in the microscope image indicates the OCT scanning beam, and the *red line* on the OCT image indicates the 2-mm length (only displayed to group B in trial one).](tvst-9-7-18-f001){#fig1}

In the study, two consecutive trials were performed. In trial one, all residents performed the same four surgical maneuvers, without MI-OCT feedback in group A and with MI-OCT feedback in group B. In trial two, the same four maneuvers were repeated by both groups without MI-OCT feedback ([Supplementary Fig. S1](#tvst-9-7-18_s001){ref-type="supplementary-material"}). In trials one and two, for each resident, every maneuver was performed on a new porcine eye, so in total 192 porcine eyes were used. The OCT images were only displayed to group B in trial one, but the light of the diode, which indicates the region of OCT scanning, was visible to all participants; therefore, OCT images of the proper area could be seen by a second operator who monitored and recorded the OCT images at the end of the maneuver for later measurement.

MI-OCT, Imaging, and Measurement {#sec2-2}
--------------------------------

Swept-source OCT was optically designed to work in conjunction with the optical path of the microscope in the prototype MI-OCT, both sharing an objective lens with a 200-mm focal length. Swept-source OCT operates in the 1310-nm wavelength range at a high axial scan rate of 100 kHz, with a high-speed tunable laser (HSL-20, Santec, Aichi, Japan). The lateral resolution was 14 μm, and the lateral range was 10.7 mm with a 768 A-scan/B-scan. The axial resolution and the maximum depth in the air were 11 μm and 6 mm, respectively. After detection, OCT signals were processed with a high-performance computer (CPU: E5-2620v4\@2.1 GHz, RAM: 32 GB, graphics cards: GTX1080Ti), and real-time OCT images were output. A super luminescent diode with a wavelength of 640 nm was combined in a sample arm of the OCT and used to mark the OCT scanning region. Binocular microscopic images were separated by a beam splitter and recorded by two surgical video cameras (MCC-500MDC, SONY, Tokyo, Japan) and subsequently displayed on an HD (1080P, 1920×1080) 42-inch widescreen LCD 3D monitor (LMD-4251TD, SONY) with/without the OCT real-time image. Residents were required to wear circular polarizer three-dimensional (3D) glasses that give precise depth perception. The final time delay of OCT images and dual channel microscopic images were less than 120 ms and 100 ms, respectively.

OCT images were taken at the end of the maneuver by a second operator and stored for later measurement. For the corneal and scleral tunnel, B-scans perpendicular to the limbus and crossing the center of the tunnel were taken. In the prestudy experiment, it was found, that after withdrawal of the knife, the end of the scleral tunnel was not clear; as a result, a piece of 0.10-mm thick polyvinyl chloride film was inserted into the incision while the images were taken to ensure an accurate measurement. For SCS and full thickness CLR, images were taken in the same direction as the suture.

Image readers were blinded to the type of image they were assessing using Photoshop (Adobe Systems Corporation, San Jose, CA). Two readers with good consistency ([Supplementary Table S1](#tvst-9-7-18_s005){ref-type="supplementary-material"}) performed the measurement separately, and the average was used for final analysis. The lengths of the corneal and scleral tunnels were measured from the start of the horizontal part to the end. The depth of the corneal tunnel was measured at the end of the tunnel: the shortest distance from the epithelium of the corneal to the end of the tunnel. This distance was subsequently divided by the shortest distance of the linear path between the endothelium and epithelium at the same location, and this percentage was used for further analysis. For scleral tunnel depth, the inner boundary of the sclera was not clear in many of the cases, so the measurement was not performed ([Supplementary Fig. S2](#tvst-9-7-18_s002){ref-type="supplementary-material"}). For SCS, the depth of the suture was measured as the shortest distance from the epithelium of the corneal to the lowest point of the suture. This distance was subsequently divided by the shortest distance of the linear path between the endothelium and epithelium at the same location, and this percentage was used for further analysis. For corneal laceration sutures, the depth was the shortest distance from the epithelial of the cornea to the suture at the location of the laceration (white solid line). This distance was subsequently divided by the shortest distance of the linear path between the endothelium and epithelium at the same location, and this percentage was used for further analysis.

Statistics {#sec2-3}
----------

All statistics are presented as mean ± standard deviation. Absolute values of the deviation between the actual measured values and the target values were used for analysis. The statistical comparisons conducted across group A and group B were performed by independent sample *t* tests, and the Welch\'s *t* test was used for unequal variances, including the corneal tunnel length and depth deviation in both trials and the scleral tunnel length deviation in trial two. The comparison between the performance of group B in trial one and trial two was performed using the paired samples *t* test. *P* values of less than 0.05 were deemed statistically significant.

Results {#sec3}
=======

Trial One {#sec3-1}
---------

The average length and depth of the corneal tunnel was 2.67 ± 0.47 mm and 57.39 ± 18.67%, respectively, in group A and 2.08 ± 0.12 mm and 52.31 ± 4.57%, respectively, in group B. Group B showed better accuracy in both length and depth than did group A (absolute deviation length: group A 0.71 ± 0.41 mm vs. group B 0.09 ± 0.11 mm; *P* = 0.003; deviation depth: group A 14.35 ± 13.54% vs. group B 3.9 ± 3.05%; *P* = 0.024) ([Fig. 2](#fig2){ref-type="fig"}). The average length of the scleral tunnel was 2.34 ± 0.60 mm in group A and 2.03 ± 0.15 mm in group B, and this difference was statistically significant (deviation: group A 0.49 ± 0.47 mm vs. group B 0.11 ± 0.10 mm; *P* = 0.008) ([Fig. 3](#fig3){ref-type="fig"}).

![Representative OCT images of corneal tunnel from group A (A) and group B (B) in trial one.](tvst-9-7-18-f002){#fig2}

![Representative OCT images of scleral tunnel from group A (A) and group B (B) in trial one.](tvst-9-7-18-f003){#fig3}

For SCS and CLR, the average suture depths were 82.02 ± 10.66% and 73.76 ± 8.42%, respectively, in group A and 83.80 ± 9.18% and 76.82 ± 7.18%, respectively, in group B. The two groups showed similar performances (deviation SCS: group A 11.208 ± 6.79% vs. group B 8.94 ± 6.24%; *P* = 0.405; CLR: group A 16.24 ± 8.42% vs. group B 13.18 ± 7.18%; *P* = 0.348) ([Figs. 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}, [Supplementary Fig. S3](#tvst-9-7-18_s003){ref-type="supplementary-material"}).

![Representative OCT images of the simple corneal suture from group A (A) and group B (B). The linear hyper-reflective signal in the cornea is the 10-0 polyamide suture (*white arrows*). Depth of the suture was presented in percentage.](tvst-9-7-18-f004){#fig4}

![Representative OCT images of CLR from group A (A) and group B (B). The linear hyper-reflective signal in the cornea is the 10-0 polyamide suture (*white arrows*). Depth of the suture was presented in percentage.](tvst-9-7-18-f005){#fig5}

Trial Two {#sec3-2}
---------

When the two groups performed the maneuvers again without OCT feedback, group B still showed a better accuracy in the length of the corneal tunnel and the scleral tunnel than did group A (deviation of the corneal tunnel length: group A 0.53 ± 0.37 mm vs. group B 0.17 ± 0.09 mm; *P* = 0.006; deviation of the scleral tunnel length: group A 0.49 ± 0.60 mm vs. group B 0.12 ± 0.10 mm; *P* = 0.020); the performances for all other maneuvers were similar (all *P* \> 0.05) ([Table](#tbl1){ref-type="table"}, [Supplementary Fig. S3](#tvst-9-7-18_s003){ref-type="supplementary-material"}).

###### 

Comparison of the Deviations Between Groups A and B

                                      Corneal Tunnel                              Scleral Tunnel                           Simple Corneal Suture             Corneal Laceration Suture  
  ----------- --------- ------------------------------------------- ------------------------------------------- ------------------------------------------- --------------------------- -------
  Trial 1      A vs. B   0.003[^\*^](#tb1fn1){ref-type="table-fn"}   0.024[^\*^](#tb1fn1){ref-type="table-fn"}   0.008[^\*^](#tb1fn1){ref-type="table-fn"}             0.405             0.348
  Trial 2      A vs. B   0.006[^\*^](#tb1fn1){ref-type="table-fn"}                     0.092                     0.020[^\*^](#tb1fn1){ref-type="table-fn"}             0.134             0.621
  Trial 1/2    B vs. B                     0.505                                       0.666                                       0.168                               0.695             0.347

For each resident, every maneuver was performed on a new porcine eye. The values in all columns are absolute values of the deviation between the actual measured value and the target value. Group A = without MI-OCT and group B = with MI-OCT.

Statistically significant difference.

Discussion {#sec4}
==========

In this prospective randomized study, the value of using MI-OCT during anterior segment surgical maneuvers was evaluated. The results suggested that MI-OCT was able to provide high-resolution real-time images of the anterior segment, and these images helped the surgeon to make important intraoperative decisions and improve the surgical outcomes of select anterior segment maneuvers. Furthermore, the technique acquired with MI-OCT persisted when residents performed the maneuvers again without OCT feedback.

Recently, intraoperative OCT has been used to monitor and guide ocular surgery and been found useful during both anterior and posterior ocular surgeries.[@bib8]^--^[@bib17] However, certain limitations have been noted, including the use of an external display of the OCT image, which means that the surgeon has to move away from the oculars of the microscope to look at the OCT images on the external screen. Some researchers have reported that the use of an external display for the OCT image decreases the value of MI-OCT.[@bib19] An alternative way is to project the image within the ocular.[@bib7] However, this strategy limits the resolution of the projected image.[@bib7]^,^[@bib21]

To the best of our knowledge, our system is the first MI-OCT system that projects high-resolution OCT images and 3D surgical images simultaneously on the same screen. Live 3D surgery, which was first reported by Weinstock in 2008, has been reported as helpful during ocular surgery.[@bib22]^--^[@bib24] In this study, by projecting the high-resolution images from the two systems simultaneously and side by side, the surgeon was able to use the information provided by the OCT throughout the whole surgery. Furthermore, although use of a 3D viewing system is not a daily occurrence for most surgeons, the learning curve required was short.[@bib25]^,^[@bib26]

Our results suggest that real-time, tissue-level, high-resolution images provided by the OCT help the surgeon to make decisions, especially during length-based maneuvers (2-mm corneal and 2-mm scleral tunnel). During the maneuver, a line corresponding to 2 mm in length at the tissue level was projected on the screen; therefore, it was quite easy for the surgeon to stop at the ideal point. We showed that the deviation of length was 0.09 ± 0.11 mm for the corneal tunnel and 0.03 ± 0.09 mm for the scleral tunnel when OCT feedback was used and 0.71 ± 0.41 mm and 0.18 ± 0.55 mm, respectively, when it was not. The MI-OCT also improved corneal thickness outcomes with a deviation of corneal tunnel thickness of 3.9 ± 3.05% when OCT feedback was used and 14.35 ± 13.54% when it was not. In a previous report, Todorich et al.[@bib19] reported that MI-OCT feedback was not helpful for making corneal incisions, and they thought that this might be associated with the complete shadowing of the underlying structure by the metal keratome (which was also noticed in our study; [Supplementary Fig. S4](#tvst-9-7-18_s004){ref-type="supplementary-material"}) and the use of an external OCT image display. In contrast, apart from the concomitant display of the OCT image and 3D microscope images, an artificial sapphire knife was also used. During the procedure, the tissue beneath the knife could be clearly visualized; therefore, the difference in the system and instrument used might contribute to the different findings of the two studies.

Our results also indicated that OCT was not helpful for all surgical maneuvers. In suture maneuvers, the group with OCT feedback showed similar performance to the group without it (all *P* \> 0.05). Combined with the feedback from the surgeons, we anticipated that the reasons might be that, during the suturing, the corneal tissue was twisted and torqued, the metal forceps shadowed the underlying tissue, and it was very difficult to assess the exact position of the needle in the corneal tissue, especially in CLRs. The position of the needle could be fully appreciated after the needle had been placed and the forceps removed, but it was too late at the time. In the study by Todorich et al.,[@bib19] they found that MI-OCT helped in corneal suturing; however, in their study, the surgeons could remove the needle and try again based on MI-OCT feedback and the surgeons had three chances to place the suture in the right position, whereas in our study, the surgeons had only one chance. This difference in the process might account for the difference in the results of the two studies.

In trial two, when group B performed the maneuvers without OCT feedback, they still achieved less deviation than did group A for corneal and scleral tunnel length (all *P* \< 0.05). Furthermore, the results were comparable to their own results from trial one with MI-OCT feedback ([Table](#tbl1){ref-type="table"}, [Supplementary Fig. S3](#tvst-9-7-18_s003){ref-type="supplementary-material"}). This finding was in accordance with the findings of Todorich et al., in which MI-OCT led to sustained learning of surgical skills, and better results were seen even when MI-OCT feedback was not subsequently available.[@bib19] Their study, as well as ours, indicates that MI-OCT is valuable in the training of surgical techniques. However, we must not forget the limitations of the system, namely, the lack of a tracking system and the fact that the surgeons needed to stop the maneuver and move the OCT scan beam to the region of interest. Furthermore, specially designed OCT-friendly surgical instruments need to be developed in the future. Also, our study was performed on porcine eyes and only residents participated.

In conclusion, the MI-OCT system used in this study was able to provide real-time, high-resolution OCT images during the whole procedure, and these images helped the residents to make important decisions and improved the outcomes of select surgical maneuvers. Much work is still required to improve the system and to find the optimal way to use the MI-OCT system in clinic practice.
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